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Objectives. The purpose of this study was to investigate
whether the orifice area In aortic stenosis can be determined
accurately and reliably by multiplane transesophageal echocardi-
ography .
Background. Monoplane transesophageal echocardiography
has been used for planimetr of aortic valve orifice areas
; how-
ever, obtaining a precise short-axis view is sometimes impossible .
Methods . In 41 consecutive patients with known valvular
calciflc aortic stenosis (20 then, mean age 64 5A 9 years), aortic
valve orifice area was measured by planimetry using a multiplane
transesophageal echocardiographic probe that allows full rotation
of the cross-sectional plane. Results were compared with invasive
measurements obtained by the Gorlin formula and areas deter-
mined noninvasively by transthoracic echocardiography using the
continuity equation.
Results. Mukiiplane transducer technology enabled the rotation
tf the cross-sectional plane from an exactly aligned lung-axbs view
of the stenosed valve to a precise store-axis view without moving
the tip of the echocardiographic probe, thus achieving an orifice
Accurate noninvasive assessment of hemodynamically sig-
nificant aortic stenosis can be difficult. Transthoracic two-
dimensional echocardiography has been shown to exclude
aortic stenosis when normal leaflet separation is present, but
patients with severe stenosis cannot be distinguished reliably
from those with milder obstruction (1,2) . Good correlation
has been demonstrated between aortic valve gradients mea-
sured at cardiac catheterization and gradients estimated by
continuous wave Doppler echocardiography using the mod-
ified Bernoulli equation (3-6) . However, pressure gradients
through a fixed aortic stenosis are dependent on flow rate,
which is determined by left ventricular performance and the
presence of coexisting aortic insufficiency
. Determination of
aortic valve area in principle circumvents these difficulties
and represents an index of severity unaffected by such
variables as cardiac output, heart rate and aortic insuffi-
ciency (7,8). Direct planimetry of the aortic valve area has
been attempted but is difficult transthoracically in adults (2).
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cross section at a level predetermined in the long-axis view .
Planimetry was feasible in 38 patients (93%) . In three patients
with pinhole stenosis (area determined by the Gorlin formula
<0.4 cm2), the valve area could not be exactly delineated .
Correlation between areas derived by transesophageal ecbocar-
diographic planimetry (0,56 ± 0 .31 cnt=) and by the Gorlin
formula (0.58 ± 0.31 cm2) was excellent (r = 0.95; standard
deviation of regression (SDR) = 0 .054
; if = 0
.92X + 0.085, where
V = Gorlin area and X s planimetry area) . Correlation between
Gorlin- and continuity equation-derived areas (0 .65 t 0.46 cm2)
was r = 0.79; for continuity equation- and transesophageal
planinletry-derived areas it was r = 0
.83. Severe aortic stenosis
(valve area X0 .75 cm2) was predicted with high sensitivity (96%)
and specificity (88%) .
Conclusions . Multiplane transesophageal echocardiography is
a practical and accurate clinical tool fur the assessment of the
severity of aortic stenosis .
(J Am Coll Cardiol 1993;22.529-34)
Transesophageal echocardiography has the advantage of
a higher image resolution and quality for planimetry of the
valve orifice area . I imited data exist with regard to the
diagnostic capabilities of monoplane (9-ll) and, recently,
biplane (12) two-dimensional transesophageal echocardiog-
raphy in the assessment of aortic stenosis. However, with
monoplane two-dimensional transesophageal echocardiogra-
phy, it is often impossible to obtain a precise short-axis
transection of the aortic valve because the aortic annulus
plane is oblique to planes obtainable by monoplane trans-
esophageal echocardiography . This problem is especially
prominent if the aortic valve is calcified and its orifice is
distorted . Using a new multiplane transesophageal probe
that allows full rotation of the transducer by 180' (13), it is
possible to adjust the transducer in each patient so that an
exact short-axis view is obtained for subsequent planimetry
.
This study investigates whether orifice area in aorti
. stenosis
can be determined accurately and reliably by multiplane
transesopliageal echocardiography .
Methods
Patients. Forty-one consecutive adult patients (20 men
and 21 women) undergoing cardiac catheterization for aortic
stenosis formed the study group (age range 51 to 80 years
;
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mean 64 ± 9)
. Transthoracic and multiplane transesophageal
echocardiography were performed within 48 h of catheter-
ization. Twelve patients had angiographic grade I aortic
regurgitation ; patients with aortic regurgitation above angio-
graphic grade I were not included. Four patients had atrial
fibrillation ; the other 37 had sinus rhythm
. Written informed
consent was given by all patients .
Cardiac catheterizatiar . All patients were scheduled for
invasive examination of clinically suspected aortic stenosis .
Retrograde left-sided cardiac catheterization was performed .
Pressures were recorded during pullback maneuver of the
catheter across the aortic valve into the ascending aorta
using fluid-filled catheters . The aortic valve gradient was
calculated by computer superimposition of the sequentially
acquired ventricular and ascending aortic pressure curves
from beats with matcaing cycle lengths . From these super-
imposed curves the maximal instantaneous pressure gradient
between the left ventricle and ascending aorta was calcu-
lated . The measurements of 3 beats were averaged . In atrial
fibrillation, 5 beats with a preceding RR interval representa-
tive of the mean heart rate were chosen and averaged .
Cardiac output was determined by thermodilution averaging
of five measurements . Aortic valve area was subsequently
calculated by the formula of Gorlin .
Echocardiography. Transthoracic echocardiography .
All patients were studied first by conventional tranathoracic
echocardiography using a Hewlett-Packard Sonos 500 with a
2.5-MHz transducer and a 1 .7-MHz continuous wave non .
imaging transducer. Using the apical window and right
parasternal and suprasternal notch, the aortic velocity was
recorded by continuous wave Doppler study. The jet was
identified by the high pitched audible signal and by a smooth
envelope of flow velocity on spectral analysis. Maximal and
mean valvular gradients were measured . Using the continu-
ity equation, the aortic valve area was determined from peak
velocity in the left ventricular outflow tract measured by
pulsed Doppler echocardiography, peak velocity through the
tic stenosis measured by continuous wave Doppler study
and left ventricular outflow tract diameter. Ten consecutive
beats were averaged for calculation of the aortic valve area
by the continuity equation in patients with atrial fibrillation.
MultiplaRe transesophageal echocardiography . Trans-
esophageal echocardiography was performed with a proto-
type multiplane 64-element 5-MHz phased array probe
(Hewlett-Packard) that allows rotation of the imaging plane
by 180°. The investigations were recorded on videotape for
subsequent analysis . All patients received local anesthesia
and 1
.5 to 3 mg of midazolam before insertion of the
echocardiographic probe
. The probe was introduced with
the transducer in the transverse plane (0° position) for better
initial orientation and positioned at the aortic valve level .
Rotation of the transducer and slight retraction of the probe
led to an individually aligned long-axis view of the aortic
valve and ascending aorta . In the long-axis view the location
of the smallest orifice at maximal leaflet tip separation was
sought and positioned at the center of the two-dimensional
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Figure 1. Left, Schematic representation of the aortic valve (Ao) in
the long-axis view with the transducer in a 150° position . Right,
Aortic valve orifice in the short-axis view with the transducer in a
60° position enabling planimetry . Note that both views can be
acquired front the same stable transducer position. LA left
atrium ; LV = left ventricle ; PA = pulmonary artery; RA ~= right
atrium ; RV = right ventricle.
sector, thus defining the optimal level of the transducer for
subsequent planimetry of the aortic valve orifice in the short
axis (Fig. 1). With the transducer position held stable, the
imaging plane was then rotated to a short-axis view of the
orifice. The view was accepted as adequate for subsequent
analysis if the aortic wall appeared as a circular shape and all
aortic cusps were visualized simultaneously . Gain was ad-
justed at the lowest settings possible without losing defini-
tion of the commissttral edges . Aortic valve area was defined
as the smallest orifice area between the aortic cusps at the
time of maximal opening in early systole . All areas were
measured by an observer who was unaware of the hemody-
namic findings . Three separate orifice area determinations
were averaged in patients with sinus rhythm ; five orifice
areas were used in patients with atrial fibrillation .
To determine interobserver variability, 20 studies were
randomly selected and reanalyzed ?30 days later by a single
observer. To determine interobserver variability for aortic
valve area, 10 studies were randomly selected and indepen-
dently analyzed by two observers. Each observer averaged
three to five orifice area determinations. Intraobserver and
interobserver variability for aortic valve orifice area deter-
mination was 8.9 ± 4.5% and 12.2 ± 7.7%, respectively .
Statistics. Results are expressed as mean value ± SD .
The relation between two variables was tested by linear
regression analysis.
Results
Hemodynamic data. Catheterization, Doppler echocar-
diographie and transesophageal echocardiographic plane 'e-
try data are presented in Table 1 . In 3 of 41 patients, the
severely calcified aortic valve could not be passed for
retrograde left-sided cardiac catheterization . In the remain-
ing 38 patients, the maximal instantaneous pressure gradient
*Patients with grade 1 aortic regurgitation
. tOrifice area could not be
evaluated
at the aortic valve ranged from 31 to 158 mm Hg (mean 83 ±
30) measured hemodynamically . Aortic valve orifice area
calculated using the Gorlin formula ranged from 0 .2 to
1 .3 cm2 (mean 0.58 ± 0.31) .
0
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Figure 2
. Correlation between aortic valve orifice an: t determined
by the Gorlin formula and by the continuity equation . Solid and
dashed lines indicate regression lines and lines of identity, respec-
tively .
Echocardiographic data. Transthoracic echocardiogra-
phy. Maximal instantaneous pressure gradient determined
by Doppler echocardiography ranged from 37 to 151 mm Hg
(mean 92 ± 27) . Aortic valve area determined by the
continuity equation was 0 .60 ± 0.28 cm2 . The correlation
with the hemodynamically determined area was r = 0.79
(95% confidence interval [CI10 .62-0.89) ; Y = 0.74X + 0.17
(X = Gorlin area ; Y = area by continuity equation) (standard
deviation of regression [SDR, = 0.104) (Fig . 2) .
Transesophageal echocardiography . In 38 (93%) of the
41 patients, transesophageal two-dimensional echocardio-
graphic image quality was considered suitable for planimetry
of the valve area (Fig . 3 and 4). In three patients with pin-
hole aortic valve, the orifice area could not be exactly
delineated . These patients had a valve area determined
hemodynamically of <0.4 cm 2 . Differentiation of bicuspid
from tricuspid valve morphology was difficult to patients
with severe aortic calcification ; however, 6 of 41 patients
appeared to have a bicuspid aortic valve . The individually
Figure 3
. Severe, slitlike bicuspid aortic valve stenosis in 65°
transducer rotation
. Orifice area determined by trailsesophageal
echocardiographic valve area planimetry was 0 .29 cm'.
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Table 1 . Aortic Valve Area of All Patients Determined by
Transesophageal Echocardiographic Planimetry, the Gorlin
E
Formula and the Continuity Equation
∎
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aligned long-axis view of the aortic valve was best achieved
with the transducer rotated by 135° to 165° counting coun-
terclockwise from 0° . Subsequently, plane orientation of the
optimal short-axis plane was 50° to 70° from the transverse
plane. Aortic valve orifice area determined by planimetry
ranged from 0.21 to 1 .43 cm2 (mean 0.56 ± 0.31). The
correlation between area calculated by the Gorlin formula
and that determined by planimetry was Y = 0.92A + 0 .085
(X = Gorlin area: Y = transesophageal echocardiographic
planimetry area); SDR = 0.054; r = 0.95 (95% CI 0.90-0.98)
(Fig . 5). In no case did the difference between the area
derived by planimetry and by the G-arlin area exceed
0.21 cm2.
Severe aortic stenosis with a Gorlin area 50 .75 cm2 was
detected by multiplane transesophageal echocardiography
with a sensitivity of 96% and a specificity of 88%. The
Flgrre 3. Correlation between aortic valve orifice area determined
by transesophageal echocardiographic (TEE) planimetry and by the
Gorlin formula. Format as in Figure 2.
correlation between planimetry-derived and continuity equa-
tion-derived areas was r = 0 .83 (95% CI 0.70-0.91); Y =
0.75X + 0.202 (X = transesophageal echocardiographic
planimetry area ; Y = area by continuity equation) (Fig. 6).
Omitting the 12 patients with grade I aortic regurgitation,
aortic valve areas were 0 .64 ± 0.3, 0 .58 ± 0.33 and 0.61 ±
0.29 cm2 determined by the Gorlin formula, planimetry and
continuity equations, respectively . For these remaining pa-
tients, the resulting correlations between the areas derived
by the Gorlin formula and continuity equation were r = 0 .88
(Y = 0.89X + 0 .047), SDR = 0.094; between the Gorlin-
derived and planimetry-derived areas it was r 0.97 (Y =
0.88X + 0.134), SDR = 0.053; between the planimetry and
continuity equation areas it was r = 0.88 (Y = 0.81X +
0.144), SDR = 0.093. No complications occurred during the
transesophagealechocardiographic procedure .
Ftgure 6. Correlation between aortic valve orifice area determined
by transesophageal echocardiographic (TEE) planimetry aid by the
continuity equation. Format as in Figure 2.
0
Figure 4. Severe aortic valve stenosis (left
panel) in 60° transducer rotation . Orifice area
determined by planimetry was 0.53 cm2 (right
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Discussion
Background. Noninvasive assessment of the hemody
namic severity of aortic stenosis can be difficult, especially
in the elderly patient with limited echocardiographic win-
dows (1). Transthoracic M-mode and two-dimensional echo-
cardiography have not been found useful for determination
of hemodynamic severity because of insufficient imaging
quality. Godley et al . (2) were able to directly record the
aortic valve orifice in only 13% of their patients .
Maximal and mean transvalvular gradients measured by
continuous wave Doppler echocardiography correlate well
with fn:asively determined gradients (6,14) . Currie et al . (6)
reported a correlation of r = 0.92 and r = 0.93 between the
Doppler-determined gradient and the simultaneously mea-
sured maximal catheter gradient and between the Doppler-
determined and mean catheter-measured gradient . The cor-
relation between nonsimultaneously determined Doppler
gradient and the maximal gradient measured by catheter was
not as strong (r = 0 .79). Otto et al. (14) reported maximal
Doppler systolic gradient correlation with a peak to peak
pressure gradient of r = 0.79 and mean Doppler gradient
correlation with mean pressure gradient by manometry of
r = 0.77 in nonsimultaneous measurement ; however, ste-
notic valvular gradients are flow dependent and increase
with high cardiac output or concomitant aortic regurgitation
and decrease with cardiac failure (15) . Especially in reduced
cardiac output states the correlation between Doppler gra-
dient and hemodynamic gradient was found to be lower (16) .
Aortic valve orifice area therefore appears to be a better
index of stenosis severity than valvular gradients because it
is, in theory, independent of such variables as cardiac output
and heart rate (7,8) . Using the continuity equauiuu, high
correlation (r = 0 .9 to 0.94) with invasively determined
values has been achieved (3,17,18) . However, determination
of the aortic valve area by the continuity equation requires
the registration of well-defined Doppler signals and outflow
tract dimensions . This is possible in only 85% to 95% of
patients (3,17) .
Previous studies . Two-dimensional transesophageal
echocardiography has the potential for imaging the aortic
valve with high image quality in most patients . Monoplane
two-dimensional transesophageal echocardiography has
therefore already been used for determination of aortic valve
area (9-11) . A high correlation (r = 0 .92) between aortic
valve orifice area determined by transesophageal echocardi-
ography and by the Gorlin formula has been reported (10) .
Biplane transesophageal echocardiography has also been
used recently (12). Using biplane transesophageal echocar-
diography, Chandrasekaran et al . (12) obtained satisfactory
aortic valve short-axis images in 89% of patients, reporting a
correlation of r = 0 .76 between planimetry-derived and
invasively determined areas .
Advantages of multiplane transesophageal echocardiogra-
phy. Accurate planimetry of the valve orifice demands that
a precise cross section of the aortic valve orifice be obtained .
HOFFMANN ET AL
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This is frequently difficult to achieve using a monoplane
probe because the aortic valve orifices lie in planes that are
often hard to obtain even with sideward flexion of the tip . In
this study, rotation of the transducer from the transverse
plane to 50° to 70° counterclockwise was necessary for
optimal visualization of the aortic valve in the short-axis
view. An optimal cross-sectional view of tb° valve orifice
cannot always be obtained at 0° rotation . ','his problem is
especially prominent in severely calcified aortic valves that
have a distorted valvular apparatus.
Because the multiplane probe that we used allows rota-
tion of the transducer by 180°, optimal views can be obtained
in each patient by adapting the rotation to the patient's
individual anatomic relation of the esophagus to the aortic
valve (13) . The rotation necessary to obtain optimal short-
axis transection of the valve was 50° to 70° . This consider-
able deviation from standard transverse (0°) or longitudinal
(90°) planes underscores that free choice of intermediate
plane orientation is essential for consistent imaging success .
The high correlation between invasively determined aortic
valve areas and areas determined by transesophageal
echocardiographic planimetry in this study, superior to the
correlation previously published for the monoplane probe
(9-11), is therefore due to the exactly aligned transectional
views of the aortic valve that were achieved in all patients.
Severe aortic stenosis (orifice 9rea -_0.75 cm.) was predicted
with high sensitivity and high specificity .
In this study, aortic valve area determined by multiplane
transesophageal echocardiography demonstrated better cor-
relation with the Gorlin method than did areas determined
by transthoracic echocardiography using the continuity
principle. The higher accuracy of transesophageal echocar-
diographic planimetry appears to be due to higher image
quality and resolution with the transesophageal approach,
allowing direct assessment of anatomic valve area . Valve
area by the continuity equation is a derived variable espe-
cially affected by the well known problems of measur-
ing outflow tract diameter . Omitting patients with grade 1
aortic regurgitation resulted in higher correlations among
the three compared methods . This is especially evident for
the correlation between the Gorlin formula-derived and
the continuity equation-derived areas, probably because of
the underestimation of aortic valve areas by the Gorlin
formula in patients with aortic regurgitation . However, a
slightly higher underestimation of Gorlin formula-derived
areas by the planimetry method occurs because the falsely
small areas obtained with the Gorlin formula are now omit-
ted .
Planimetry of the aortic valve orifice was feasible in 93%
of patients, making the method a highly usable technique
. In
three patients with pinhole valvular orifice area, visualiza-
tion was impaired owing to extreme calcification, and no
exact valvular orifice determination was possible .
Clinical implications . Multiplane transesophageal echo-
cardiography is a practical, accurate clinical tool for assess-
ing the severity of aortic stenosis
. Evaluation of the degree
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of aortic stenosis by multiplane transesophageal echocardi-
ography is a valid alternative in patients in
whorl
trans-
thoracic Doppler echocardiography is insufficient .
Study limitations. In three patients with pinhole valvular
orifice we were not able to determine the valve area .
Because of the known physical limitations of ultrasound,
extreme calcification results in severe shadowing, thus not
allowing exact determination of the valve area. However, it
was only in patients with severe, extremely calcified aortic
stenosis that transesophageal echocardiographic planimetry
could not be performed . In these patients, severe aortic
stenosis was evident by the extreme calcification and re-
stricted mobility of the valve leaflets .
Only multiplane valve area measurements were per-
formed in this study because a sequential examination using
all three modalities would have caused a considerable
amount of patient discomfort and would have yielded biased
results .
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